We present the numerical investigation of the fermionic two-body decays of tau sleptonsτ 1,2 and τ sneutrino in the Minimal Supersymmetric Standard Model with complex parameters. In the analysis we particularly take into account the cosmological bounds imposed by WMAP data. We plot the CP-phase dependences for each fermionic two-body channel ofτ 1,2 and τ sneutrino and speculate about the branching ratios and total (two-body) decay widths. We find that the phase dependences of the decay widths of the third family sleptons are quite significant which can provide viable probes of additional CP sources. We also draw attention to the polarization of the final-state tau in theτ 1,2 decays.
Introduction
The experimental HEP frontier is soon reaching TeV energies and most of the physicists expect that just there theoretically proposed Higgs bosons and superpartners are waiting to be discovered. There are many reasons to be so optimistic. First of all, in spite of its remarkable successes, the Standard Model has to be extended into a more complete theory which should solve the hierarchy problem and stabilize the Higgs boson mass against radiative corrections. The most attractive extension to realize these objectives is supersymmetry (SUSY) [1] . Its minimal version (MSSM) requires a non-standard Higgs sector [2] which introduces additional sources of CP-violation [3, 4] beyond the δ CKM phase [5] . The plethora of CP-phases also influences the decays and mixings of B mesons (as well as D and K mesons). The present experiments at BABAR, Tevatron and KEK and the one to start at the LHC will be able to measure various decay channels to determine if there are supersymmetric sources of CP violation. In particular, CP-asymmetry and decay rate of B → X s γ form a good testing ground for low-energy supersymmetry with CP violation [6] .
The above-mentioned additional CP-phases explain the cosmological baryon asymmetry of the universe and the lightest SUSY particle could be an excellent candidate for cold dark matter in the universe [7, 8] .
In the case of exact supersymmetry, all scalar particles would have to have same masses with their associated SM partners. Since none of the superpartners has been discovered, supersymmetry must be broken. But in order to preserve the hierarchy problem solved the supersymmetry must be broken softly. This leads to a reasonable mass splittings between known particles and their superpartners, i.e. to the superpartners masses around 1 TeV.
The precision experiments by Wilkinson Microwave Anisotropy Probe (WMAP) [9] have put the following constraint on the relic density of cold dark matter
numerical investigation of the fermionic two-body decays of third family sleptons in MSSM with complex SUSY parameters taking into account the cosmological bound imposed by WMAP data. Actually, we had performed some studies in this direction for squarks [14, 15] incorporating all the existing bounds on the SUSY parameter space by utilizing the study by Belanger et al. [10] before. These investigations showed us that the effects of M 1 and its phase ϕ U (1) on the decay widths of squarks are quite significant. Now we consider third generation sleptons. Namely, we study the effect of M 1 and its phase ϕ U (1) on the decay widths ofτ 1,2 andν τ .
In the numerical calculations, although the SUSY parameters µ, M 1 , M 2 , and A f are in general complex, we assume that µ, M 2 and A f are real, but M 1 and its phase ϕ U (1) take values on the WMAP-allowed bands given in Ref. [10] . These bands also satisfy the EDM bounds [16] . The experimental upper limits on the EDMs of electron, neutron and the 299 Hg and the 205 T l atoms may impose constraints on the size of the SUSY CP-phases [17, 18] . However, these constraints are highly model dependent. This means that it is possible to suppress the EDMs without requiring the various SUSY CP-phases be small. For example, in the MSSM assuming strong cancellations between different contributions [19] , the phase of µ is restricted to |ϕ µ | < π/10, but there is no such restriction on the phases of M 1 and A f . In addition, we evaluate the parameter M 2 via the relation
−2 which can be derived by assuming gaugino mass unification purely in the electroweak sector of MSSM. It is very important to insert the WMAPallowed band in the plane M 1 − ϕ into the numerical calculations instead of taking one fixed M 1 value for all ϕ-phases, because, for example, on the allowed band for µ = 200
GeV, M 1 starts from 140 GeV for ϕ = 0 and increasing monotonically it becomes 165
GeV for ϕ = π. In Ref. [10] two WMAP-allowed band plots are given, one for µ = 200
GeV and the other for µ = 350 GeV. For both plots the other parameters are fixed to be tan β = 10, m H + = 1 TeV, A f = 1.2 TeV and ϕ µ =ϕ A f =0. We here choose the masses for τ 1,2 sleptons as mτ 2 =1000 GeV and mτ 1 =750 GeV. These mτ 1,2 values lead to a sneutrino mass mν τ =745 GeV for ML < MẼ.
2 τ sleptons and τ sneutrino masses, mixing and decay widths
Masses and mixing in slepton sector
The superpartners of the SM fermions with left and right helicity are the left and right sfermions. In the case of tau slepton (stau) the left and right states are in general mixed.
Therefore, the sfermion mass terms of the Lagrangian are described in the basis (τ L ,τ R )
as [20, 21] where .8) and
One can easily get the following stau mass eigenvalues by diagonalizing the mass matrix in Eq. (2.1):
Theν τ appears only in the left state. Its mass is given by
Note that in this work we neglect CP-violation effects related to flavor change. Besides that the scalar mass matrices and trilinear scalar coupling parameters are assumed to be flavor diagonal.
Fermionic decay widths ofτ i andν τ
The lepton-slepton-chargino and lepton-slepton-neutralino Lagrangians have been first given in Ref. [1] . Here we use them in notations of Ref. [13] : .12) and
where u (ũ) stands for (s)neutrinos and d (d) stands for charged (s)leptons. We also borrow the formulas for the partial decay widths ofl i (l i =τ i andν τ ) into lepton-neutralino (or chargino) from Ref. [13] . The partial decay width for the decayτ i →χ
where
is the helicity of the outgoing τ , κ(x, y, z) =
The explicit forms of the couplings, aτ ij , bτ ij and ℓτ ij , are
where 17) and
The partial decay width ofτ i into the chargino,τ i →χ
in Eqs. (2.14) and (2.15) with the couplings ℓτ ij also given in Eqs. (2.16) and (2.17) .
The width for the τ -sneutrino decayν τ →χ 0 j ν τ is obtained by the replacements
in Eqs. (2.14) and (2.15) , and that for the
The coupling are now 19) Here, N is the 4 × 4 neutralino mixing matrix, U and V are 2 × 2 chargino mixing matrices and
In this work we contend with tree-level amplitudes as we aim at determining the phasesensitivities of the decay rates, mainly.
3 τ -slepton and τ -sneutrino decays
Here we present the dependences of theτ 1,2 andν τ two-body decay widths on the ϕ U (1) for µ = 200 GeV and for µ = 350 GeV. We also choose the values for the masses (mτ 1 ,
1 ) = (750 GeV, 1000 GeV, 180 GeV, 336 GeV, 150 GeV) for µ = 200
GeV and (mτ 1 , mτ 2 , mχ±
1 ) = (750 GeV, 1000 GeV, 340 GeV, 680 GeV, 290
GeV) for µ = 350 GeV. The mass values of these τ -sleptons lead to a sneutrino mass mν τ =745 GeV. Note that although the neutralino and chargino masses vary with ϕ U (1) , these variations are not large. Therefore, as a final state particle (i.e., on mass-shell), we have chosen fixed (average) mass values for charginos and neutralinos. For both sets of values by calculating the ML and MẼ values corresponding to mτ 1 and mτ 2 , we plot the decay widths for ML ≥ MẼ and ML < MẼ, separately. We plot the ϕ U (1) -dependences of theν τ partial decay widths only for ML < MẼ. In the case of ML > MẼ, the phase dependences do not change, but decay widths take larger values. In our figures, we display the slepton decay widths for the both helicity states of the outgoing τ (τ L and τ R ).
ML > MẼ for µ = 200 GeV:
In Fig.1(a) we show the partial decay widths of the channelsτ 1 →χ
GeV. In these plots some dependences on the ϕ U (1) phase are shown. In order to see these dependences more pronouncedly, we now plot two channels separately; namelyτ 1 →χ ) (see Fig.4(a) ). This ϕ U (1) value also corresponds to maximum (minimum) value of |bτ 11 | 2 . In a similar way, the width Γ(τ 2 →χ 0 1 τ L ) and its parameter |aτ 21 | 2 takes their maximum (minimum) value at ϕ U (1) ≈π (ϕ U (1) =0) (see Fig.4(b) ). Hence, we can say that the phase
ML > MẼ for µ = 350 GeV :
We give the same partial decay widths in Fig.1 As can be seen from Fig. 4(d) , the ϕ U (1) dependence of the decayτ 2 →χ 0 1 τ L is prominent such that the value of decay width at ϕ U (1) =π is about 2 times larger than that at ϕ U (1) =0. The decay widths Γ(τ 2 →χ 
ML < MẼ for µ = 200 GeV:
We giveτ 1,2 andν τ decay widths as a function of ϕ U (1) in Fig.2(a) and Fig.3(a) respectively (for µ = 200 GeV). In Figs. 4(e)-(f) we plot two of them separately whose CP-phase dependences are not clearly seen in Fig.2(a) . They, too, show the significant dependences on CP-violation phase. In this subsection we consider the case ML < MẼ, whereτ 1 is mainlyτ L -like andτ 2 is mainlyτ R -like (Rτ 12 =Rτ 21 ≈0). The decay width of the processτ 1 →χ − 2 ν τ is the largest one among theτ 1,2 channels; its decay width increases from 3.55 GeV to 3.8 GeV monotonically as ϕ U (1) increases from 0 to π. In this case (ML < MẼ), the width Γ(τ 1 →χ respectively, because the parameter |bτ 21 | 2 reaches its minimum and maximum at these ϕ U (1) values.
The branching ratios forτ 1 decays are roughly B(τ 1 →χ .8 : 0.7 : 0.3 : 0. 02. In Fig.3(a) we giveν τ decay widths as a function of ϕ U (1) for µ = 200 GeV. The phase dependence is more significant for the decay channelsν τ →χ
Analogously to the neutralino decays ofτ 1,2 ; because of H s ≈H p (since mν τ ≫m τ ) we can express the decay widths ofν τ →χ
To be more specific, Γ(ν τ →χ
is suppressed because it is proportional to the term |kν 1 | (|kν 2 |) which includes small Yukawa coupling (Y τ ). Since H s =H p for neutrinos, the decay width ofν τ →χ 0 1 +ν τ can be expressed as Γ(ν τ →χ
stems from the ϕ U (1) dependences of |ℓν j | (|aν 1 |) parameter and this parameter is quite phase-dependent.
The branching ratios forν τ decays are roughly B(ν τ →χ
We present the dependences of theτ 1,2 andν τ partial decay widths on ϕ U (1) in Fig.2(b) and Fig.3(b) (for µ = 350 GeV). In this case H 2 s (H 2 p ) takes smaller value because of the reason mentioned in the previous subsection and this leads to smaller widths forτ 1, 2 andν τ . In Figs. 4(g) -(h) we again plot twoτ 1,2 decay channels separately whose phase dependences are not clearly seen in Fig.2(b) . The dependence of the phase ϕ U (1) inτ 1, 2 decays are similar to those in the case ML < MẼ (for µ = 200 GeV).
The width Γ(ν τ →χ 0 1 + ν τ ) decreases as the phase increases from 0 to π, showing a significant dependence on the phase. The branching ratios are roughly B(ν τ →χ 
Discussion and Summary
In this paper, we have presented the numerical investigation of the fermionic two-body decays of third family sleptons in the minimal supersymmetric standard model with complex parameters taking into account the cosmological bounds imposed by WMAP data.
For this purpose, we have calculated numerically the decay widths of tau sleptonsτ 1,2 and τ sneutrino, paying particular attention to their dependence on the CP phase ϕ U (1) . We have found that some decay channels likeτ 2 →χ 1) phase. These decay modes will be observable at a future e + e − collider and LHC. Therefore they provide viable probes of CP violation beyond the simple CKM framework; moreover, they carry important information about the mechanism that brakes Supersymmetry.
Besides that,τ decay is important since it is the sole process where one can get in-formation of the sfermion mixing and the neutralino mixing from the polarization of the final-state fermion [22] . The phase dependence of the fermionic two-body decay widths ofτ i andν i stems directly from the parameters (N ij , U ij , V ij ) of the chargino and neutralino sectors. The cosmological bounds imposed by WMAP data on the M 1 parameter and its phase ϕ U (1) play an important role in taking their shapes of the phase dependences of these processes. GeV 
